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Thesis directed by Professor Ernest K. Smith

Early notions that troposcatter transmission

could replace line-of-sight (LOS) communications

links quickly diminished due to high costs, limited

bandwidth, and the onset of satellite communications.

Recently, however, digital processing schemes have

reduced bandwidth concerns; furthermore, troposcatter

systems have found consistent use in less developed

countries and the military. This thesis discusses

troposcatter propagation with emphasis on

communications systems.

Theoretical understanding of the troposcatter

propagation mechanism is rooted in atmospheric

phenomena; specifically -- the index of refraction

and turbulence. It is shown that turbulent eddies

which encompass small-zcale refractivity variations

inhabit the common volume, an area defined by the

intersection of antenna beamwidths. Further, these

turbulent inhomogenities can arrange themselves as

randomly disposed blobs or layers. This engenders

the simultaneous existence of incoherent scatter and

quasi-coherent scatter mechanisms, with the dominant

mode contingent on frequency and meteorological



ivi

conditions. Additionally, diffraction may co-exist

on shorter paths fostering multimode propagation.

One can expect received signal levels (RSL)

to exhibit distance and frequency dependence; marked

short and long-term fading; aperture-to-medium

coupling loss; and diurnal, seasonal, climatic, and

meteorological variations. Diversity techniques are

indispensable in thwarting short-term fading.

Atmospheric multipath is known to limit

analog system bandwidths yet digital systems are

prone to the related delay spread phenomenon which

causes intersymbol interference (ISI). Adaptive

processing is used to overcome this problem and these

processors also introduce implicit diversity, further

improving digital performance.

Most troposcatter prediction methods are

rooted in empirical expressions due to atmospheric

unpredictability. The laborious NBS Tech Note 101

(TN 101) method, the standard for many years,

incorporates climatic variability and confidence

measures. The CCIR offers several simple techniques

as do the methods of Yeh, Rider, Collins, and

Bullington. Unfortunately, all the methods suffer

shortcomings with reliance on surface refractivity

and incorrect coupling loss calculations
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topping the list. The computer based Parl method

corrects these discrepancies, but cannot include

known, real-time variations in the spectrum slope.

Accuracy can improve if tools such as the Parl or

Radiometeorological Method can effectively model

gradient activity within the common volume.
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PREFACE

When, as a Second Lieutenant in the U.S. Air

Force, I arrived at my first duty assignment in a

tactical communications unit, I entered during a

difficult time. Not more than a week prior, the unit

had failed an inspection; the cause -- failure of a

troposcatter link to become operational. This unit

had successfully installed this "tropo shot" on

numerous occasions, but, during the inspection, the

normally gentle Florida climate had turned cold. The

unit, in turn, cited weather-oriented propagation

effects as the culprit for substantially lower

received signal levels (RSL) on this 50 mile, 5 GHz

link. Additionally, it was noted that proximity to

the coast, supplemented by several miles of overwater

transmission, contributed to degraded performance.

The inspection team did not buy this "excuse."

It was interesting to observe subsequent

activity within the unit. As an unseasoned,

unknowledgeable "contributor" I attempted to learn as

much as I could about troposcatter since it provides

the brunt of military, in-theater, tactical

multichannel capability. Material was scarce; many
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people I queried responded that "No one really knows

how it works, but it works, and MIL-HNDBK 417

[Military Handbook, Facility Design for Tropospheric

Scatter, 1977] is your tool in predicting

performance." In the years following my 1982

commission I gained some familiarity with

troposcatter, but the "No one really knows.

aspect remained unacceptable. Now, with the

advantage of being a full-time graduate student under

military funding, I am able to offer a condensed look

at troposcatter, hopefully providing an understanding

to anyone interested -- including Second

Lieutenants.
1

This thesis discusses troposcatter

propagation with emphasis on communications

applications. A brief historical analysis along with

a general description of troposcatter is provided in

Chapter 1. Additionally, the rudiments of path

geometry are given with emphasis on the common volume

and scattering angle. Further discussion requires an

understanding of atmospheric phenomena, especially

IConcluding the story, during a delightfully
mild week, my unit passed its follow-up inspection.
The unit can take some consolation in the fact that
weather can severely degrade propagation; however,
from the inspector's point-of-view the mission was
not accomplished, and a follow-up was necessary.
Interestingly, my following assignment was to the
same inspection team that had earlier failed my unit.
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the refractive index and turbulence. As such, a

quick tutorial covering these essentials is given in

Chapter 2. With the basics established, discussion

in the remaining chapters focuses on propagation

theory, characteristics, and prediction.

By way of summary and to aid the reader in

isolating areas of interest, the rest of this preface

summarizes the essential areas of the remaining

chapters.

Troposcatter systems allow intermediate range

(40-500 mile), point-to-point, multichannel

(commercial grade, 120 channels), high capacity (20

Mbps) communications. Although used for many years,

an understanding of the mechanism causing propagation

has only recently surfaced. Of the many theories

presented in Chapter 3, the simultaneous occurrence

of incoherent scatter and quasi-coherent scatter

modes best explain the existence of the persistent,

weak, beyond the horizon, troposcatter received

fields. In addition, on shorter paths, diffraction

becomes important and will exist in conjunction with

the scatter mechanism in what is termed multimode

propagation. Focusing on the scattering mechanism,

the common volume is known to consist of turbulent

refractive index irregularities which may arrange
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themselves as randomly disposed blobs (incoherent

scatter) or layers (quasi-coherent scatter) dependent

on operating frequency or meteorological conditions.

Chapter 4 offers a lengthy discussion on the

characteristics of troposcatter propagation. A quick

synopsis of this chapter follows (with section

numbers for easy reference):

a. RSL VARIATIONS: (Section 4.2) Crucial in

analog systems, the RSL predictably varies

under the following conditions:

1) Distance dependence (Section 4.2.1) is

difficult to model due to the existence

of several propagation mechanisms,

generally 0.1 dB/km attenuation is used.

2) Frequency dependence (Sections 4.2.2,

3.7) is known to obey an fl attenuation

law up to about 3 GHz with greater

attenuation beyond. Short-term

attenuation variations may exhibit f2 to

f-11 3 dependence.

3) Short-Term Fading (Section 4.2.3.1), the

"trademark" of troposcatter, is caused by

atmospheric multipath and may occur at

rates of a few per minute at VHF, 1 Hz at

UHF, and several Hz at SHF. Amplitudes
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closely follow a Raleigh distribution;

losses of 8 dB can occur for 10% of the

time.

4) Long-Term Fading (Section 4.2.3.2) due to

gradient variations and changing

mechanisms show log-normal amplitude

distributions. Losses of 10 dB can occur

for 10% of the time. Fading rates are

discussed under SEASONAL and DIURNAL

VARIATIONS.

5) Frequency Selective Fading (Sections

4.2.3.3, 4.3), not normally associated

with RSL variations, will impact digital

transmission schemes on analog

subchannels if the correlation bandwidth

is exceeded.

6) Diversity (Section 4.2.3.4) is an

economical and essential approach to

reducing the impact of short-term fading

and may incorporate a variety of

techniques. 7 dB gains, 50% of the time

can be realized under quad diversity.

7) Aperture-to-Medium Coupling Loss (Section

4.2.4) occurs for high gain antennas when

narrower beamwidths fail to encompass a
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proportionate number of scatterers.

Losses of 6 dB are known to occur.

b. MULTIPATH DELAY SPREAD: (Section 4.3)

Provided a sufficient RSL is present,

performance of digital troposcatter links is

critically dependent on delay spread which

may range in value from 50 to 370 ns. Due to

atmospheric multipath, transmitted pulses

will widen and this creates intersymbol

interference. Clever adaptive processing

techniques exploit delay spread to realize

implicit diversity.

c. BANDWIDTH: (Section 4.4) Bandwidth is limited

by atmospheric multipath which defines the

correlation bandwidth in which uniform fading

exists. A capacity of 4 MHz or 10 Mbps is

typical. Narrow beam antennas will improve

performance; however, coupling loss may

offset this advantage. For digital systems

using adaptive processing, bandwidth is less

important than power (Eb/NO) limitations.

d. DIURNAL, SEASONAL, CLIMATIC AND

METEOROLOGICAL VARIABLES: (Section 4.5)

Conditions may be such that case (a) the

propagation mechanism changes, case (b) the
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gradient changes slightly, or case (c) the

gradient exhibits large-scale changes.

Diurnal and seasonal variations, with

pronounced climatic dependency, or temporary

meteorological conditions (weather) will

foster such conditions. The result is either

enhanced or degraded propagation.

1) Diurnal Variations (Section 4.5.1) can

show daily 10 dB RSL swings in temperate

zones. Fading rates are lowest in the

afternoon; both case (a) and (b)

situations are cited.

2) Seasonal Variations (Section 4.5.2)

provide RSLs as much as 15 dB lower in

the winter months for temperate climates;

however, longer paths exhibit less

seasonal influence. Case (b) situations,

with emphasis on water vapor variability,

are the cause.

3) Meteorological Variations (Section 4.5.3)

are responsible for anomalous propagation

events caused by case (c) conditions.

Weather fronts, temperature inversions,

subsidence, occlusions, and, sometimes,

thunderstorms may signal the occurrence
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of subrefraction, super-refraction, or

ducting. Real-time prediction of RSL

variation is difficult especially in

areas where gradient data is

unobtainable. Degradations may be short-

lived, as with thunderstorms, or may

persist for long (hours, days) periods if

frontal movement is slow.

The final chapter, Chapter 5, briefly

describes the tools available for troposcatter path

predictions. A simple comparison is also offered. A

summary follows:

a. PREDICTING RSLs: (Sections 5.2, 5.3, 5.4)

Assuming proper preparation, the engineer has

a variety of prediction tools at his

disposal; however, in nearly all cases, these

techniques incorporate empirical,

statistically-oriented data which injects

some inaccuracy. Several methods take this

into account through time availability and

service probability confidence measures. The

most commonly used methods, with

descriptions, follow:

1) TN 101 (NBS Tech Note 101, Section 5.3.1)

is a lengthy, well-known document that
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focuses on long term median path loss

calculations for a variety of climates.

Features include multimode calculations

and confidence measures. The Longley-

Rice method is a computerized version of

this technique.

2) CCIR Methods (Sections 5.3.2, 5.3.3,

5.3.4) include Method I and the Chinese

method (shortened versions of TN 101) and

Method II, a graphical technique

incorporating some climatic variability.

All CCIR models are simple to use.

3) The Radiometeorological Method (Section

5.3.5) is an extremely accurate tool

championed by Boithias and Battesti and

well summarized in CCIR Reports 238-4 and

718-2. Despite great simplicity, it

requires knowledge of the refractivity

gradient within the common volume, a

difficult to obtain parameter.

4) The Parl Method (Section 5.3.6) borrows

from TN 101 yet offers more realistic

predictions through computer flexibility.

Whereas TN 101 is restricted to lower

frequencies (less than 1 GHz), this
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technique permits manipulation of the

spectrum slope and climatic variables

allowing application to virtually any

configuration. Additionally, more

accurate aperture-to-medium coupling loss

calculations and analysis of digital

modem performance is offered.

Unfortunately, modem analysis focuses on

military systems only. The MITRE method,

used for a specific military system, uses

much of Parl's methodology.

5) Other Methods (Sections 5.3.7, 5.3.8,

5.3.9, 5.3.10) include those of Yeh,

Rider, Collins, and Bullington.

Bullington's model is a new computerized

version of Bullington's initial (1963)

work in propagation theory. The

remaining techniques are very simple with

the Collins method provi ing surprising

accuracy despite its totally graphical

approach.

6) Digital Predictions (Section 5.3.11) will

incorporate any discussed prediction tool

for estimated path loss. In addition,

calculation of delay spread and BER
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performance is needed for complete

digital analysis

b) SELECTING A PREDICTION TOOL: (Sections 5.4,

5.5) Every technique (excluding the

Radiometeorological Method if accurate

gradient data is available) admits to

inaccuracy. Complete comparative analysis is

unavailable; however, some techniques may

appear more attractive due to simplicity.

All CCIR methods, the Yeh, Rider, and Collins

techniques provide this simplicity, yet

computerized versions of TN 101, the Parl,

and Bullington's models make the simplicity

aspect less critical. With respect to

conformity to theory, the Parl method stands

out; TN 101 incorrectly emphasizes surface

refractivity and a singular spectrum slope,

CCIR Method I, the CCIR Chinese method, and

Yeh and Rider's techniques also center on

surface refractivity. The Collins method has

limited application, CCIR Method II works

best in temperate climates, and Bullington's

treatment is untried and based, in part, on

unaccepted mode theory. Finally, all methods

calculating aperture-to-medium coupling loss



xxvi

incorrectly assess this parameter with the

exception of the Parl technique.



CHAPTER 1

INTRODUCTION

1.1 A History of Troposcatter Propagation

The discoveries of three different mechanisms

for beyond the horizon propagation have prompted

engineers to exploit associated capabilities and

theorists to attempt explanations. Earth diffraction

theory (ground wave), formulated in 1910, explained

the suitability of MF and LF for intercontinental

telegraphy systems. In 1927, cross-continent

telephony at HF was accounted for by ionospheric

reflection theory. Finally, since 1950, several

hypotheses for the tropospheric forward scatter or

troposcatter mechanism have endeavored to explain why

transhorizon radio systems in the VHF, UHF, and SHF

domains are possible (Sommerfeld, 1909; Boithias and

Battesti, 1983, p. 657]. This thesis will explore

the last mechanism, troposcatter.

It's probably no surprise that the first

documented observance of unexpectedly high received

signal levels beyond the horizon came from Guglielmo

Marconi. In a series of experiments conducted
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between 1928 and 1936, this radio pioneer "showed

that microwaves could be reliably propagated to

distances exceeding the optical range by two to three

times" [Isted, 1958, p. 81]. His last paper (1933),

"On the Propagation of Microwaves over Considerable

Distances," summarized the results of one such

experiment aboard the yacht Elettra. Marconi notes,

"[t]he speculations that may arise from such results

concern the entire theory of radio transmission over

distances greater than the optical one" [Carroll

1956, p. 1057]. Earlier (1932), in a paper to the

Royal Institution of Great Britain, he also observed:

In regard to the limited range of propagation of
the microwaves, the last word has not yet been
said. It has already been shown that they can
round a portion of the earth's curvature, to
distances greater than had been expected, and I
cannot help reminding you that at the very moment
when I first succeeded in proving that electric
waves could be sent across the Atlantic Ocean in
1901, distinguished mathematicians were of the
opinion that the distance of communications, by
means of electric waves, would be limited to a
distance of 165 miles [Wiesner, 1957, p. 46].

Unfortunately, several years passed before this

phenomenon was further researched.

During the 1940's problems with high power

UHF television and radar systems resurfaced Marconi's

original observations; however, these unexpected

signals were viewed more as a nuisance than a viable

propagation method. TV frequency allocation plans,
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based on Van Der Pol and Bremmer's 1937 smooth sphere

predictions, proved inadequate due to interference

caused by beyond the horizon propagation. This

prompted the U.S. Government to "freeze" licensing of

new television stations in 1949. Additionally,

"[t]he advent of radar, which operated at higher

frequencies and higher power, revealed the existence

of reflections well beyond the horizon where the

theory predicted that transmission was impossible"

[Roda, 1988, p. 6]. This "nuisance factor" led

several e..perimenters to further research short wave,

transhorizon propagation.

Carroll [1952b, p. 7] delineates a few of the

early experiments which highlighted short wave,

beyond the horizon propagation research:

a. Katzin's Caribbean experiments in 1945,

performed to investigate ducting over

water for wavelengths of 9 and 3 cm, also

revealed unexpectedly high received

signal levels beyond the horizon.

b. In the Pacific (1946), the Naval Research

Laboratory (NRL) group conducted tests

similar to Katzin's and obtained similar

results. A consequence of this endeavor

was the first use of the term "scatter
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region." Pekeris used this term to

describe a distance of 30 miles beyond

the horizon in which he concluded that

propagation was due to a scattering

mechanism.

c. During his 1949 experiment in Iowa, Gerks

"reported measurements from a high power

400-mc transmitter at distances of around

100 miles, 50 db and more in excess of

the 4/3-earth theoretical value."

Conclusions again attributed the

phenomenon to scatter.

d. Megaw, the noted English researcher, made

measurements of 10-cm received signals on

a 370 mile link over the North Sea. He

"interpreted the measurements as

scattering by atmospheric turbulence."

e. Finally, Bullington's 1950-51 tests at

500 and 3,700 mc in New Jersey showed

consistent, useable signal levels over

path lengths of several hundred miles.

Bullington went further to predict

available bandwidths of several

megacycles fostering the idea of
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reliable, short wave, beyond the horizon

communications.

The benefits of this early research was far

reaching. Experiments with troposcatter required

high power transmitters, and, in conjunction with

radar research, development of high power

capabilities (klystrons) proceeded rapidly. Also,

lafge, high gain antenna systems were needed, and

engineers responded. A lot of credit for the initial

development of troposcatter goes to the U.S. Air

Force which, recognizing the benefits of troposcatter

systems, provided the funding for the first active

troposcatter system, Polevault, in 1952 (Gunther,

1966, p. 80]. These efforts also encouraged

theoreticians to suggest a variety of explanations

which dominated propagation rpsearzh in thz carly

1950's. Theory will be discussed later; however, a

general examination of troposcatter will justify the

early enthusiasm for this new propagation mechanism.

1.2 A General Review of Troposcatter Systems

A quick glance at Figure 1 will help explain

the initial excitement over troposcatter propagation.

Simply, a troposcatter path is much longer than

individual line of sight (LOS) radio paths. Roda

[1988, p. 17] shows that this capability has several


